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Abstract

We present a high-order finite-volume approach for solving the shallow-water equations on
the sphere, using multiblock grids on the cubed-sphere. This approach combines a Runge-Kutta
time discretization with a fourth-order accurate spatial discretization, and includes adaptive
mesh refinement and refinement in time. Results of tests show fourth-order convergence for the
shallow-water equations as well as for advection in a highly deformational flow. Hierarchical
adaptive mesh refinement allows solution error to be achieved that is comparable to that ob-
tained with uniform resolution of the most refined level of the hierarchy, but with many fewer
operations.
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1 Introduction

In this paper, we present a method of local refinement applied to the 2D shallow-water equations,
using test cases that capture some of the essential features that arise in 3D atmospheric models.
We extend a uniform-grid finite-volume discretization on the surface of a sphere to a locally-
refined, nested grid hierarchy that can evolve in time, and can therefore resolve or track small-scale
and synoptic features, without refining the entire computational domain. Similar high-accuracy
block-structured adaptive mesh refinement (AMR) approaches have been applied to problems in
compressible gas dynamics [31], [19]. For climate applications, AMR techniques hold the promise of
spanning global and regional scales, as well as tracking synoptic features that contribute significantly
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to climate means in the Earth system. Computational cost limits the finest resolution of uniform-
resolution climate models to around 10 km, far larger than the grid spacing necessary for resolving
clouds and features of regional climate. The highest-resolution simulations have become important
for regional planning issues, which rely on accurate representation of changes in the behavior of
mesoscale storm systems, pressure blocking events driven by topography (responsible for heat waves
and cold spells), mountain snowpack, wildfires, topographically-driven precipitation, watershed-
level hydrology, and urban development and agriculture. As emphasized in [58], addressing these
challenges requires high-resolution regional climate modeling, via either dynamical downscaling or
highly refined grids. Moving synoptic features, such as extra-tropical and tropical cyclones, would
benefit from space-time adaptivity to better resolve their dynamics. Thus, AMR can both improve
the resolution of atmospheric flows, and help test physical parameterizations across spatial and
temporal scales in a global context, without refining the entire computational domain.

As a first step in the development of a global atmospheric modeling system, in this paper we solve
the 2D shallow-water equations, which capture many of the important properties of the equations
of motion for the atmosphere. In particular, the dynamical character of the global shallow-water
equations is governed by features common with atmospheric motions including barotropic Rossby
waves and inertia-gravity waves, without the added complexity of a vertical dimension. There
already exists a comprehensive literature on the development of numerical methods for the global
shallow-water equations spanning the past several decades. Examples include the spectral transform
method [25], semi-Lagrangian methods [41], [4, 53, [63], 54, 38|, finite-difference methods [21 [42],
Godunov-type finite-volume methods [43| [57], staggered finite-volume methods [29] B9, [40], multi-
moment finite-volume methods [8, 27, 7], and finite-element methods [51}, 12} 52} 17, 34, 26, 1T, [2].

As of the time of writing, work targeting AMR for the global shallow-water equations is much
more sparse. Two adaptive numerical methods (finite-volume on a latitude-longitude grid and non-
conservative finite-element on a cubed-sphere grid) are described in [49]. A discontinuous Galerkin
formulation for global tsunami simulation is described in [5]. The multi-moment finite-volume
approach has also been extended to an adaptive formulation by [9]. The present article introduces
an AMR approach for the shallow-water equations that also supports refinement in time.

Atmospheric models include a wide variety of computational grids on the sphere such as the latitude-
longitude mesh [62), 28] icosahedral and hexagonal grids [16, [48), 18 [45] [59] and cubed-sphere meshes
56l 13, B7] In particular, icosahedral, hexagonal and cubed-sphere meshes have become popular
over the last decade as they provide an almost-regular grid-point coverage on the sphere. The
uniform distribution of elements avoids the coordinate singularities at the poles that complicate
the design of stable and accurate methods for such coordinate systems.

The approach in this paper is based on the finite-volume mapped-grid technology in [10], which is
extended to work with AMR in [19]. We apply these methods on cubed-sphere meshes, which consist
of six panels with a separate mapping on each panel. To coordinate the different mappings along
panel boundaries, we use the mapped-multiblock approach of [32], with the following modifications:

1. Because the computational domain is on the surface of a sphere, which is a 2D manifold in a
3D space, the evolution equations must include metric terms.

2. Because we have vector quantities (velocities and momenta) that are expressed in different
bases on different panels, the procedure for coordinating them across a panel boundary must
include a basis transformation.



For smooth solutions, this approach can provide fourth-order accurate results, as is also achieved
n [57]. Comparing these results to those of [43] shows the advantage of fourth-order over second-
order methods in avoiding artifacts at the boundaries of the cubed-sphere panels. The dispersive
properties of this method have been analyzed by [55], where it was demonstrated that the use of
a fourth-order finite-volume discretization led to a doubling of the effective resolution compared
to a second-order approach. High-order accuracy is also necessary in the context of grid refine-
ment, since there is a formal drop of one order of accuracy (in the max-norm) at grid refinement
boundaries. Hence a second-order adaptive method would drop to first-order accuracy in the pres-
ence of grid refinement, with disastrous consequences to the quality of the solution, whereas a
fourth-order method only drops to third-order. Further, compared to other numerical methods,
including standard finite-element discretizations, central finite-volume methods provide the largest
maximum stable time step size and do not suffer from issues such as the “spectral gap” which arise
from non-uniform treatments. In the absence of limiters and explicit dissipation, these schemes are
also energy conservative up to temporal truncation order.

2 Partial differential equations in cubed-sphere coordinates

The equiangular cubed-sphere grid [44] 42] consists of a cube with six Cartesian patches arranged
along each face, which is then ‘deflated’ onto a tangent spherical shell, as shown in Figure It
is a quasi-uniform spherical grid, that is, it is in the class of grids that provide an approximately
uniform tiling of the sphere (see [50], for example, for a review of different options for global grids).
The equiangular cubed-sphere grid has the advantage of being among the most uniform of cubed-
sphere grids: At high resolutions the ratio of largest to smallest grid cell approaches v/2, compared
to the equidistant gnomonic cubed-sphere grid which approaches a ratio of 3v/3 and the conformal
cubed-sphere grid where this ratio is unbounded. Although even more uniformity can be attained
via the application of grid relaxation techniques such as spring dynamics (see, for example, [36]),
these techniques also lead to non-analytical forms of the curvature metrics which in turn increases
the complexity of the discretization.

On the equiangular cubed-sphere grid, coordinates are given as (a,,n,), with central angles
o, € [-%, %] and panel index n, € {1,2,3,4,5,6}. By convention, we choose panels 1-4 to be
along the equator and panels 5 and 6 to be centered on the northern and southern pole, respectively.

Spherical coordinates (A, ¢) for longitude A € [0, 27] and latitude ¢ € [—7/2,7/2] will also be used

for plotting and specification of tests. Coordinate transforms between spherical and equiangular
coordinates can be found in [56] Appendix A.

2.1 Metrics

Coordinates (X,Y’) are related to equiangular coordinates («, §) via the transform

X =tana, Y = tanp. (1)

Any straight line in (X,Y’) coordinates is also a great circle arc, which is not the case for general
line segments in equiangular coordinates. Throughout this paper we will be making use of the



Figure 1: A cubed-sphere grid, shown with labels on panels. Panels 1 — 4 all straddle the equator
(z = 0) of the unit sphere. Panel 5 is centered on the north pole (z = +1), panel 6 on the south
pole (z = —1). On the cubed-sphere grid shown here, N, = 16 (each panel contains 16 x 16 grid
cells).

metric term o
0= [1+tan2a—|—tan26] / , (2)

which appears frequently in geometric calculations on the cubed-sphere grid.

Cartesian coordinates are related to the equiangular coordinates of a particular cubed-sphere panel
by x(a, 8) = (z(a, 8),y(e, 8), z(c, B)). The natural basis vectors of the equiangular coordinate
system are g, = (0x/0a)g and gg = (0x/0f3)q, which have units of length.

The covariant 2D metric on the cubed-sphere of radius r is given by

P21+ X2)(1+Y?%) [ 1+X2 —XY
Jpa = Bp " 8a = 5 ~XY 14Y2 )

with contravariant inverse

52 1+Y? XY
9= — 5 5 : (4)

The Jacobian on the manifold, denoted by J, is then

TZ 2 2
J = \Jdet(gpy) = (HX(SQ(HY ), (5)

and induces the infinitesimal area element dA = J da df.

For a comprehensive mathematical description of the equiangular cubed-sphere grid see [34], Ap-
pendices A, B and C or [50], Appendices A and B.
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2.2 The Shallow-Water Equations in Cubed-Sphere coordinates

In conservative coordinate-invariant form, the 2D shallow-water equations on the sphere can be
written as

OH
2
ety <huu " IG2h> = —GhVz — fg % (hu), @)

where H denotes the fluid surface height above the reference depth z = 0, h is the fluid depth
above the bottom topography z = z5(\, ¢), u is the velocity vector, uu denotes the outer product
of the velocity, Z is the identity matrix, G = 9.80616 m s~2 is the acceleration due to gravity,
f = 2Qsin ¢ is the Coriolis parameter in terms of the rotation rate Q = 7.292 x 107° s~! and g, is
the unit vector perpendicular to the surface of the sphere. The quantities H, h and zs are related
via H = h + z.

Under equiangular coordinates the velocity field is written as
u=ug, +u’gs. (8)

The coefficients u® and u” are known as the contravariant components of the velocity vector, and
have units of rad/s in the natural basis.

The height evolution equation @ then takes the form

OH 10

10
-7 o’ -7 By —
5 + J(?a( hu®) + (Jhu?) =0, 9)

Jop

The momentum evolution equation ([7]) can be decomposed into an evolution equation for hu® and

hu?,
o [ hu® 10 [ JToo 10 ([ JTeB
el - i =0 N N 10
8t<huﬂ)+Jaa<JTﬁa>+J85<J’rﬂﬁ> R (10)
where 75" = huFu™ + gl’m%Gh2 and Wy, g and W denote source terms due to the curvature of

the manifold, bottom topography and Coriolis force, respectively. The manifold source term takes
the form

., < e 0 ) o [ —XYZhutu® +Y (14 Y?)huu?

W) _2 , (1)
—I T 6?2 X (14 X?)huuf — X2Y huPuP

where I . are the Christoffel symbols of the second kind associated with the metric. The source
term due to bottom topography can be written in terms of derivatives of zs as

ak aq af
_ 9*"Vizs \ _ 9% g Oz /O
Y= Gh( 97V 1z ) a Gh( g’ g% > ( 025/ (12)

The Coriolis source term differs depending on whether the underlying panel is equatorial or polar,
since

Y/5 ifny € {1,2,3,4},
sing = (13)
p/é ifn, € {5,6},



where p is a panel indicator given by, for instance,

+1 on the northern panel (n, = 5),
—1 on the southern panel (n, = 6).

p = sign(¢) = {
For equatorial panels the Coriolis source term is given by

2Q) —-XY? Y(1+Y?) hu®
Yoea =5 < -Y(1+X?%)  Xy? ) ( huf ) (15)

and on polar panels by
20 -XY  (14Y?) hu®
lI’C,pol. - 5T < _(1 +X2) XY huﬁ . (16)

Multiplying both sides of the shallow-water equations @f by J, and using the fact that J and
the topography zs = H — h are independent of ¢, these evolution equations can be written

0

570+ V- (JF) = J@, (17)
where
h hu® 0
U=| hu |, Fr=| 7% |, &= . (18)
hb T8k Y\ + ¥+ Y
Here U contains the conserved variables, which are functions of the primitive variables,
h
W= | u® (19)
uﬁ

The components of F are functions of the primitive variables and the metric.

2.3 Advection in Cubed-Sphere coordinates

In conservative coordinate-invariant form, the 2D advection equation on the sphere is just the first

equation of ((17)):
0 ~
S(JU)+ V- (JF) =0, (20)

with only one component, U = h and F¥ = huF. Here, h is interpreted as the density of the
advected quantity, and u(«, §,t) is a prescribed velocity vector field.

3 Finite-volume discretization on cubed-sphere grids

3.1 Discretization of the Cubed-Sphere

The discrete resolution of the cubed-sphere is typically written in the form ¢{N.}, where each
coordinate direction consists of N, grid cells. For instance, the cubed-sphere grid shown in Figure



is ¢16. The total number of grid cells on a cubed-sphere is N. x N x 6. Grid cells on a particular
panel are denoted by V; ; with indices (i,5) € [0,..., N — 1]?, which refers to the region bounded
by

ac iAa—%,(z’—l—l)Aa—ﬂ, 5e[jAﬁ—%,(j+1)A/3—ﬂ, (21)

where on an equiangular grid, the grid spacing is

T
Aa=AB= . 22
a=ag= 5 (22)
The center of V; ; is the point (ay, 5;) with
o1 T | T

ai:<z+2>Aa—4, Bj=<j—|—2>A5—4. (23)

Some properties of the cubed-sphere grid for a variety of resolutions are given in Table

Table 1: Properties of the cubed-sphere grid for different resolutions. Here Az is the grid spacing
at the equator, A,y is the average area of all cubed-sphere grid cells, A,y is the minimum cell area
and Amax is the maximum cell area. RLLequiv denotes the equivalent grid spacing (in degrees) on
the regular latitude-longitude grid with the same number of cells and T¢quiv denotes the approximate
triangular truncation of a spectral transform method.

Resolution Ax Aavg Amin/Amax RL Lequiv Tequiv
c16 625 km 3.321 x 10° km? 0.7434 6.5° T17
c32 313 km 8.302 x 10* km? 0.7249 3.2° T34
c64 156 km 2.076 x 10* km? 0.7159 1.6° T68
c128 78.2 km 5.189 x 103 km? 0.7115 0.82° T136
256 39.1 km 1.297 x 10 km? 0.7093 0.41° T272

3.2 PDE discretization

We can integrate a PDE of the form
P .
a(JU)—l—V-(JF):J\Il (24)

over a grid cell V; ;, giving:
d .
// JU dadﬁ—i—// V - (JF) dadp = // JY dadp. (25)
2,7 7 7

Then applying the divergence theorem to the second term on the left-hand side of :

d// JUdadﬁ+7§ Jﬁ-ﬁdﬁz// J® dodp. (26)
dt Vi oV 5 Vi



We can represent the integrals in in terms of averages over V; ; and its faces. The notation for
an average of a quantity A(«, 3) over V; ; is

Bi+3AB roits Aa
// B) dadf ) / ,B) dadf
V Bj_*AB O‘l_*Aa
<A>w = = 2 .
// dadp AaAp
Vij

Averages over faces of V;; with constant o = «a; + %Aa and with constant 8 = 3; £ %AB are
denoted respectively

(27)

Bi+5A8 1 aH—%Aa 1
/ﬁ w Ala; £ §Aa,ﬁ) dsp / N Ao, B £ §Aﬁ) da
<A>ii%,j =—— AB ) <A>i,ji% =—7 Ao . (28)

Then dividing both sides of by AaAp and substituting the averages as defined in f:

G0 == 5 (P, = By ) = a5 (UF9) g = UF) ) + (900 (29

3.3 Temporal discretization

We apply the classical fourth-order Runge—Kutta method to integrate , which can be written
in the form

d

STU) = K((TU))g (30

over grid cell V; ;, where
1 o o 1
K0 == 50 (TFis = P 1,) = 25 (WF s = UF)0 1) + (%)
(31)

In Section we show how to derive fourth-order accurate approximations to K ({JU)) on grid
cells given (JU) on grid cells.

The classical Runge—Kutta method applied to the ordinary differential equation integrated
over time step At starting with (JU)©® at the initial time is

ki = K((JUYO)At; (32)
(Ju)M = (Ju)© + % ky = K((JU)M)At; (33)
(JUY® = (Ju)© + ’“22 ks = K((JU)®)At; (34)
(JUYB) = (JU)YO 4 kg; ky = K((JU)®) AL (35)
Then to integrate one time step:
(JUY(E™ + At) = (JU)(t") + é(kl + 2kg + 2k3 + kq) + O((A1)®). (36)

With local truncation error of O((At)%), as shown in , the accumulated error for the classical
Runge-Kutta method is then O((At)?).



3.4 Spatial discretization

If © is the set of ordered pairs of indices (,7) over which we find (JU); ;, then let G, ,,(£2), with
m and n integers, be the set of grid cells ) expanded by m layers of additional cells at both ends
in the a direction and n layers of additional cells at both ends in the 8 direction. These additional
cells are called ghost cells. For a set of indices A of grid cells and ghost cells, let F¢(A) be the set
of their faces of constant a, and FP(A) the set of their faces of constant 3.

In the remainder of this section, we show how to compute the right-hand side of , the evolution
equation for (JU). The method is motivated by that in [3I] for Cartesian grids, extended to
mapped grids in [I0] and to mapped multiblock grids in [32]. What is new here is that we are
calculating on a 2D manifold in 3D, and also that we have vector components that require a basis
transformation (Step [2| below).

The discrete undivided-difference formulas denoted by D, and Dg with various superscripts are
defined in Appendix [A]

1. From (JU) on Q and (J) on Gi,1(Q2), obtain (U) on Q by using the formula (119, with
adjustments at panel boundaries as described in Appendix We then have (U) accurate
to fourth order in Aa = ApB.

2. Interpolate (U) from € to the ghost cells Gz 3(2) — €, by the method of least squares from
stencils in [32]. See Figure [2| for an illustration of interpolation stencils for two sample ghost
cells.
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Figure 2: Sample interpolation stencils of two different ghost cells, used in Step |2l The procedure
for finding the stencil is explained in [32]. The set of grid cells in the stencil is found as follows:
First, find the center of the ghost cell on the cubed-sphere, as marked with * in this figure, and
let ¢ be the valid grid cell on a neighboring panel that contains that point. The stencil set then
consists of all the valid cells sharing a vertex with ¢, and also the cells two away from ¢ in both
directions along both coordinate dimensions, making the appropriate transformation when crossing
a panel boundary.



Once we find the set of stencil cells for a particular ghost cell, we rotate the entire sphere
so that the center of the ghost cell lies on the equator. Let A and ¢ denote respectively the
latitudinal and longitudinal displacements of any point from the ghost cell’s new center on the
equator. For each stencil cell indexed by s, let A and ¢5 be the latitudinal and longitudinal
displacements of its center, from the rotated ghost-cell center. Define the stencil’s average

angular distance
EONCET

(37)

where N is the number of stencil cells.

For the scalar component (h) of (U), we follow the procedure in [32], approximating h by a
Taylor polynomial over latitude and longitude, and finding its coefficients a,, for p,q > 0 and
p+ q < 3 satisfying as closely as possible the overdetermined system of N equations

> 5)) =,

)p <

P,q20;p+q<3 9

for all stencil cells s, where the notation (-)s represents averaging over cell s, and (A, ¢) ranges
over its values in cell s. The system is overdetermined because there are 10 coefficients a,,
to solve for, and the number of equations, N, is either 12 or 13. (It is 12 only if the ghost cell
is near the intersection of three panels.) We then evaluate the Taylor polynomial averaged

over the ghost cell g:
P q
w((3) (5)),
g

The procedure above applies to the scalar component (h) of (U), but (U) also contains (hu®)
and (hu®), which are components in different bases in adjacent panels, so in order to find
(hu®) and (huf) at the ghost cell, a basis transformation must be made.

A

a,,q<(

7 (38)

A

¢

<h>g = 3

D

,9>0;p+q<3

(39)

0

0

At a point (A, ¢), let the basis transformation matrix from a source panel S, containing a
stencil cell, to a destination panel D, containing the ghost cell, be denoted

) |

Then our modification to 1' is to find coefficients b, and ¢, of two Taylor polynomials
in the basis of the panel P(g) containing the ghost cell g, satisfying as closely as possible the
overdetermined system of 2N equations

T8%p(N o) T2 (N )

TS%D()HQS) = ( TsﬁiD()" ¢) TgiD(A’¢)

MNP [ o\1?
Z bpg <T7g‘&)_>73(g)()\’ ?) (0> <0> > + (40)
p,9>0;p+¢<3 s
A\ P q
< 5)—=P(g) N P) <g> (?) > = (hu®)s; (41)
pq>0 p+q<3 s
A7 q
z <T P(s)-P(g) (N @) (9) <§> > + (42)
pq>0,p+q<3 s
A\ P q
“pq <T (8)—=P( g) A 9) <§> (?) > = (hu)s (43)
Pq>07p+q<3 s
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for all stencil cells s, where P(s) is the panel containing cell s. Then we evaluate

= 3 b ((5) (‘5)> (11
won s ol () @)) "

3. On cells in G3 3(2), deconvolve from averages (U) to U at centers, by

S1 (D20 — 5 (DE(U))g for (i) € Gon(@). (46)

This formula is from (110]) in Appendix and is accurate to fourth order in Aa = ApS.

Uij = (U)ij —

4. Obtain averages (W) of primitive variables on G, 2(€2), as follows. Set

W; ;= W(U, ;) for (i,)) € G22(92); (47)
W, ;= W((U), ;) for (i,7) € G33(); (48)

with W (U) being the pointwise function converting conserved variables to primitive variables.
Then convolve:

1 — 1 — .
<W>i,j = Wi’j + ﬂ(DiCW)i,j + ﬂ(D%CW)iJ for (Z,]) S QQ’Q(Q). (49)
The result is accurate to fourth order in Aa = Af, because it uses formula ([109)) from
Appendix nd W, ;j— W, ; is second order in Ao = AB. In , we apply the difference
operators to W instead of W to reduce the depth of ghost cells required, without dropping
order.

5. Interpolate (W) from averages over grid cells and ghost cells to averages over faces, using the
fourth-order accurate formulae from [31]:

7 1

Whir1; = 15 (Whig + (W)irrg) — 15 (W)ic1j + (W)iya) for (0 + %J) € F(Go,1(V);

12
(50)
(W)ijr1 = %«W)z}j + (Wlij1) = %((W%,j—l + (W)ijt2) for (i,5 + %) e FP(G10(9)).
(51)

6. Deconvolve from face-averaged (W) to face-centered W, using (i to obtain W, 1 for
2>
(i + %,j) € F4(Q), and using (116) to obtain Wi’j+% for (i,j 4+ 5) € FB(Q). These are
fourth-order accurate in Aa = AS.

7. Set face-centered fluxes:

oy =F(W, ) for (i+ %,j) e F(Q); (52)
Fl = F((W)i, ) for (i 3,5) € F(Goa(); (5)
Ffj% = F(W, 1) for (i.j + %) e FP(); (54)
F s = F(W)) for (i + 5) € F(G1o(0). (5)

B =5

- is second order in Ao = Af, as is the difference F2 i —F, jIee
B} 2 % 2

1
57]

. _Y
The difference F® , . —F;,
7'+§7.]
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8.

10.

11.

Convolve face-centered F® to obtain face averages (F), and convolve face-centered F? to
obtain face averages (F?), with the fourth-order accurate formulae

o o | - 1 o

(Fip1; =Fip + ﬂ(Dng Jipyy for (i 4 3,4) € FH(Q); (56)
8 _p8 1o o1 3

(F) gy =Fr 1+ 51 (DA 5 for (i) + 5) € FH(Q). (57)

We take derivatives of F instead of F in order to reduce the depth of ghost cells required.
Since F and F differ only by second order in Ao = Af, we see from (101)) that including
F rather than F in f results in a difference in <Fo‘>i+%’j or <F5>i7j+% that is fourth
order in Aa = AS.

. Add artificial dissipation: To smooth out oscillations due to the central difference operator,

we add an artificial dissipation to the fluxes. The effect of this modification is a sixth-order
diffusive operator, which retains the order of accuracy of the underlying scheme.

First set vmax to be the maximum wave speed over the whole domain, which for advection is
the maximum of r(|u®| 4 [u?|) and for shallow-water equations is the maximum of vGh +
rmax{|u®|, |u’|}, where h,u®, u” are the components of W. Then modify the fluxes with
fifth undivided differences, as follows:

<Fa>z’+%,j = <Fa>i+%7j - ’vaaX(Dgf<U>)i+%,j for F*(€2); (58)
<Fﬁ>z‘,j+§ = <Fﬁ>i,j+% - ’YUmax<D2f<U>)i,j+% for F/B(Q)S (59)

where v = ﬁ for advection, v = g for shallow-water equations. The coeflficient v has been

chosen empirically so that the artificial dissipation is enough to smooth out oscillations, but
not so large as to detract from accuracy.

Find the fourth-order convolution products

a a 1 fn (o'
(JF >z‘+éu‘ - <J>z‘+%,j<F >z‘+é,j + ﬁ(Déf<‘]>)z‘+%,j(D}Bfma»z‘%,j for 7 (€2); (60)
1 ol
<JFB>i,j+% = <J>i7j+%<F6>i’j+% + E(Dg<J>>z‘,j+%(Dg<F ))i,j—‘,—% for fﬁ(Q)- (61)

We take differences of F* and F instead of (F*) and (FA) in order to reduce the depth of
ghost cells required, without dropping order. These approximations are fourth-order accurate
in Aa = ApB.

For each grid-cell face that is shared by two panels, after (JF®) or (JF?) is computed on that
face separately for each panel in Step replace it by its average with the corresponding
(JF) or (JFP) calculated on the same face in the other panel that shares it. Note that
(JF<) or (JFB) from the other panel may need to be reoriented as follows:

e Faces that are shared with equatorial panels 2 or 4 and either of the polar panels, 5 or
6, have constant 3 on the equatorial panel and constant « on the polar panel; hence, on
these faces, (JF?) on the equatorial panel is averaged with (JF®) on the polar panel.

e Before averaging, sign changes are required for faces on the other panel along the follow-
ing interfaces: (JF?) on panel 2 with (JF®) on panel 5; (JF#) on panel 4 with (JF?®)
on panel 6; and (JF?) on panel 3 with (JF?) on either of the polar panels, 5 or 6.
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For the vector fluxes, 7@ and 77*, this is more complicated because the components are in
different bases in different panels. Write

Y = J < ;:ﬁa > on faces of constant «; (62)
T8
=J ( 788 > on faces of constant f. (63)

Then we set the following from , , and f:

) <<I)°‘)Z+1 j» vector components of (JFO‘>i+1j, for (i + 3,7) € F(Q);
° EH j» vector components of J+1 ]Fer j» for (i + %,j) € F*(Go.1(Q));
. <(I)B>i,j+la vector components of (JF?), PIEE for (i,7 + %) € FB(Q);
Efﬁ%, vector components of J7]+%F 1 for (i,7 + %) € FP(G10(Q)).
We deconvolve to face centers
1 —a o1
1, = (0051, — —(D%fcﬁ Jivy for (i+5,5) € FHQ); (64)
1 3 1
s = (@) 541 — o (DEE) 541 for (i) + 5) € FH(); (65)
and convert to the orthonormal frame with orthonormalization matrices (’)i‘zr 15 and (’)B il
2> LIT3
(see [50]) at face centers:
1
« _ « «
6”271 Ol+%7J<I>z+2J for (z—l—Z j) € FQ); (66)
8 5 of i 1y e FRq):
@,H; _O,HZ(I),JrQ for (Z’]+2)€’F (€); (67)
—a 1
@i+l J O:l-‘rl, CI) ; for (1 + 5,]) € F4Go1(9)); (68)
B —5 1

On each face of a panel boundary, we replace each of ©* and ©°, or each of ©f and @B, with
the averages from the two panels sharing that face. In the case of faces shared by either panel
2 or panel 4 and either panel 5 or panel 6, we flip the sign of the quantity from the opposite
panel before averaging.

Finally, we set the vector components of (JF* >z+ ; and (JFB >”+1 to
= 1 1
« « loa 2f «a . . o .
(815 = (0%, )00 1+ o (DF(O) O 1 for i+ 5.4) € FX(@); (70
= 1 1
B B —1508 2f B\—138 8
(® )mJr2 (O 7]+2) 9i,j+2 24(D ((0")7707)), +1 for (4,7 + 2) e FP(Q). (11)

Now for (4, j) € © we have fourth-order accurate (JF*), 1 ; and <JFﬁ>ijil on the right-hand side
27 ’ 2
of (29)), the evolution equation for (JU);

The source term (J¥); ; in is computed as follows. From , we have W, ; on centers of grid
cells (7,7) € G22(£2). Since ¥ is a function of W, we can find ¥;; for (,75) € Gi,1(Q2), multiply
it by J; ; and apply the convolution formula to find the averaged (JW¥);; for (i,5) € Q to
fourth-order accuracy.
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4 Adaptive Mesh Refinement

With adaptive mesh refinement (AMR), we extend the approach of [19] on single-block mapped
grids to the mapped-multiblock grids of the cubed-sphere. What makes the cubed-sphere different
from single-block mapped grids is that (a) the solution is on a manifold; (b) we are able to use
analytic formulae for integrals of (J); and (c) adjacent panels have different mappings.

To implement adaptive mesh refinement, we make use of the Chombo library for parallel AMR [1]
and follow the strategies used therein. Adaptive mesh refinement calculations are performed on a
hierarchy of nested meshes Q° C T, with Q¢ 5 C,» (Q1) where n’,; denotes the refinement ratio
between levels ¢ and ¢+ 1, and Cnfef denotes coarrseéning by this ratio. At level ¢, we label all cells
inside ¢ as being valid and all cells outside ¢ (such as ghost cells) as being invalid. Typically,
is decomposed into a disjoint union of rectangles in order to perform calculations efficiently. We
assume that there are a sufficient number of cells on level ¢ separating the level £+ 1 cells from the
level £—1 cells such that interpolations to fill invalid ghost cells on finer levels can be independently

performed. We will refer to grid hierarchies that meet this condition as being properly nested.

The top-level procedure for advancing level ¢ from time t¢ by a time step of length At¢ is shown in
Figure [3]

Advance(/, t*, At):
1. Regrid levels finer than ¢ if required (see Section [4.1)).

2. Advance level ¢ using the methods described in Section [3] with a Runge-Kutta time-stepping
method.

3. Interpolate to the invalid ghost cells surrounding level £+ 1 (see Section . A least-squares
algorithm is used to compute the interpolating polynomial in each coarse cell. The interpolation
need not be conservative because the resulting values in the ghost cells are only used to reconstruct
the flux on the faces of the valid cells.

4. Start level ¢ + 1 at step 1. Level £ + 1 is refined in time (sub-cycled) with a time step

{+1 1’
A = At nt ;.
5. Average the solution from level £ + 1 and correct fluxes at coarse-fine interfaces to ensure
conservation.

Figure 3: Pseudocode for advancing level ¢ from time t¢ to time t¢ + At

4.1 Regridding

Periodically, it is necessary to change the grid hierarchy in response to changes in the solution.
During a regrid, we generate a new grid hierarchy, {Q6"%},_, 4 leaving the mesh at £p,qe
and all coarser levels unchanged.

a"')emax
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For { = lhage, ..., lhn — 1, we use a least-squares algorithm to interpolate ghost values. For

each ghost cell va let Z(i,j) denote the set of grid cells of its interpolation stencil. We solve a
least-squares system for the coefficients ay? of a polynomial interpolant of U,

Z ap q<ap/8q> g = <U>i’,j’ ) for all (i/7j/) € I(27]) (72)
p20,¢20:p+q<3

(where of and ¢ indicate powers of « and ) subject to a conservation constraint on JU,

> > LI (JaP By i = (JU);. (73)

(i",5")eC~1({(4,5)}) p=0,420:p+¢=<3

The moments (a?$?) can be determined analytically, and the (JaP3?) are computed using the
product formula. Given this interpolant, we can construct (JU) on the grid cells at level ¢ 4 1
within V; ;:

JUhjr= > agh{JaPBy , forall (i',) € T ({(i, /)})- (74)

p>0,g>0:p+q<3

This interpolation is conservative.

4.2 Interpolating to ghost cells at next finer level

As shown in Section [3.4] advancing one time step by the method of Section [3| requires three layers
of ghost cells. In Step 3 of the algorithm of Figure |3 we must interpolate (JU) from level ¢ to the
ghost cells of level £+ 1. In particular, after Step 2 of Advance(¢, t, At’) advances the solution at
level ¢ from time t¢ to time t¢ + A, Step 3 interpolates the level-£ solution to ghost cells of level
{+1 at times t* + sAt*L for s = 0,...,n’; — 1, where AtT! = At‘/n’ ; is the length of the time
step at level £ + 1. Step 3 has the following substeps:

(a) Interpolate (JU) on grid cells of level £ to the same grid cells at the intermediate times t* 4
sAt"*1 for s = 1,...,n’; — 1. This temporal interpolation uses initial (JU)(®) = (JU)(t‘) and

k1, ko, k3, k4 in the Runge-Kutta method defined in f in Section As derived in [20],
for 0 < x <1 we have

1
(JUY(tE 4 xAt") =(JUNE) + k1 + §x2(—3k1 + 2ky + 2ks — ky) (75)
2

+ §x3(k1 — kg — ks + ky) + O((AtH?).

(b) At each of the times t* + sAt**! for s = 0,...,n%; — 1, fill in [(L + 2)/n] layers of extra-
panel ghost cells of (JU) at level £, by the method of least squares using interpolation stencils,
described in Step [2] of Section .

(c) Fill in ghost cells of level ¢ + 1 | by least-squares interpolation from the valid cells and ghost
cells at level £.

The temporal interpolation in Step @ is the same as in [3I]. With error of O((At%)%), this
interpolation preserves the order of the Runge—Kutta temporal discretization of Section The
spatial interpolation of Steps f is also fourth order in the grid spacing.
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5 Numerical Tests

The Courant-Friedrichs-Lewy (CFL) number is

At
Ecmax (76)

where At is the time step and cpax is the maximum wave speed.

As shown in [10], the stability constraint for the classical Runge-Kutta method we use is that the

CFL number satisfy

At
A “max S 2. .
Ag Cmax S 06 (77)

For advection, ¢pay is the maximum over the domain of 7(|u®|+ |u?|). For shallow-water equations,
Cmax 1S the maximum over the domain of the characteristic velocity 2v/Gh + r(Ju®| + |u?]).

We note that the results presented here are for a method that does not employ any limiters or
nonlinear filters that would suppress oscillations at discontinuities. We have constructed limiters
for the Cartesian versions of the method in [31, 6]. While the extension of the approach used in
that work to the present setting is straightforward, we have chosen not to apply it here, in order
to obtain a clean assessment of the properties of the basic high-order method. There is a separate
issue regarding positivity preservation, which historically has been an additional goal in the design
of limiters. Our thinking on this issue is that the use of limiters for positivity preservation is an
excessive constraint on the design choices in the method. Typically, a limiter can be thought of as
a nonlinear hybridization of low- and high-order fluxes. To obtain a positivity-preserving limiter,
it is a necessary condition for the low-order method to be positivity-preserving. For the case of
advection, it is easy to construct a combination of a discretely divergence-free velocity field and
a density distribution such that the only positivity-preserving field is donor-cell plus an explicit
diffusion, which has a CFL time-step constraint that scales with the inverse of the dimensionality of
the problem. Such a time-step constraint is stricter than that of the high-order methods of the type
described here, even in three dimensions. For that reason, we are pursuing a different approach to
positivity preservation based on redistribution of mass as a post-processing step at the end of each
time step [22]. Such an approach greatly expands the design space of limiter-based methods; for a
discussion, see [6].

5.1 Deformational flow

To test the performance of the model under horizontal tracer transport, the deformational flow
test of [33] (test 4) is employed. This test is significantly more challenging than the solid-body
rotation test of [61] since it not only tests divergent-free advection, but also includes deformational
stretching and the formation of thin filaments in the tracer field followed by subsequent recovery of
the original profile. To obtain an analytical reference solution, the deformational flow test reverses
the time-varying flow field after half the total simulation period. The availability of an analytical
reference solution at the final time means that error norms can be easily computed. Further, the
addition of a solid-body rotation component to the flow field prevents the possible cancellation of
errors when the flow is reversed.

In the transport equation for h, the longitudinal component ) and latitudinal component w,
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of the flow field u take the form

uy = ksin?(\) sin(2¢) cos (Zf) + 2% cos ¢, (78)
ugy = ksin(2X\') cos ¢ cos (7;) , (79)

where N = X\ —2xt/T, k =2, T =5 days and k = 2. The height field consists of two superimposed
smooth 2D Gaussian surfaces,

h(A @) = D hi(\9), (80)

1€{1,2}
hz(/\,¢) = hmax eXp{_bD 5xyz(A7 ¢; szqﬁz)}v (81)

where i € {1,2}, hmax = 1, bp = 10, and Oxy, (A, ¢; Ai, @) is the 3D absolute Cartesian distance
between (A, ¢) and (A, ¢;) on the unit sphere,

Oxyz (N, 3 Ai, d;) = [(cos ¢ cos X — cos ¢; cos Ai)2 + (cos ¢sin X — cos ¢; sin ;)2 + (sin ¢ — sin qbi)Q] vz
(2)
The centers of the Gaussian surfaces are located at (A1, ¢1) = (57/6,0) and (A2, ¢p2) = (77/6,0).
Although [33] has the setting by = 5, here we instead set by = 10 to narrow the width of the
Gaussian surfaces, in order to highlight the benefits of AMR.

We run this example with the following resolutions:

e Uniform resolution, with N a power of 2, from 32 through 1024.

e On two levels, the coarser level N. a power of 2 from 32 through 256, and the finer level

consisting of grids that are a factor of 4 finer and are located in regions where |h| > 8 X
1074 /(N./64)*.

e On three levels, the coarsest level N, either 32 or 64, the middle level consisting of grids that
are a factor of 4 finer and are located in regions where |h| > 8 x 1074/(N./16)%, and the
finest level consisting of grids that are a factor of 4 finer than the middle-level grids and are
located in the same regions.

Figure {] shows a plot of h at the initial time. The refinement thresholds have been selected to
be comparable to the predicted asymptotically fourth-order solution error. We pick time step
At = 0.4 day/N., and we find cpax = 5.99 rad/day, so the CFL number from is 1.53.

Table [2| shows the maximum solution error for each of the different runs. This table also shows the
convergence rate of the maximum solution error, computed from two successively finer resolutions:
since each successive resolution is refined by a factor of two, this rate is the base-two logarithm of
the ratio of the errors. We see that the solution error converges to fourth order, and the error in
each multilevel run is as good as that in the single-level run with the resolution of the finest level,
with the level refinement criteria we use. Since the refinement criteria are such that finer grids
are added where h is above a certain threshold, this example is not necessarily good for showing
convergence at refinement boundaries, and so in Section we show results of an example with
fixed grids.
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Figure 4: Plot of h at initial time in the deformational flow test example of Section with grids
of resolution ¢32/c128/c512. At this time, there is 34.4% c128 coverage and 27.9% c512 coverage.
A dashed white contour line is drawn for A at the common refinement threshold of 5 x 107°, and
dotted black contour lines are drawn at values of the positive tick marks in the legend.

Finest Uniform resolution Two levels Three levels
resolution max error rate max error rate max error rate
c32 4.003 x 1072
c64 2.162 x 102 2'?2
cl28 6.527 x 1073 3'33 6.544 x 1073 333
c256 6.507 x 10~* 3'97 6.506 x 10~* 3'97
c512 4.150 x 107° 4'00 4.150 x 107° 4'00 4.150 x 107° 4.00
c1024 2.586 x 1076 2.586 x 1076 2.586 x 1076

Table 2: Maximum solution error at final time, and convergence rates, for the deformational flow
test example of Section When there is more than one level, the refinement ratio between
consecutive levels is set to 4. Hence, in the two-level runs with results given here, where the finer
levels are c128 through ¢1024, the coarser level is ¢32 through ¢256. Of the three-level runs, the
first one has the refinements of the levels as ¢32/c128/¢512, and the second has ¢64/256/c1024.
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Uniform resolution, ¢32, at t = T |error| < 4.003 x 1072.
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Figure 5: Plots of the error in h at the final time in the deformational flow test example of Section
[.1] with ¢32 at the coarsest level. Grids at all levels at this time are shown. Black contour lines are
drawn at values of the tick marks in the legend: dotted for positive, and dashed for negative. For
the two-level and three-level runs, dashed white contour lines are drawn at the refinement threshold
for the calculated h at this time. 19



Uniform resolution, ¢32, at t = T'/2:
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Two levels, ¢32/c128, at t = T'/2: 24.2% c128 coverage, with refinement threshold of 0.0128:
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Three levels, ¢32/c128/c512, at t = T'/2: 59.0% c128 coverage and 32.0% c512 coverage, both with

refinement threshold of 5 x 107°:
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Figure 6: Plot of h at midpoint in time, ¢ = 7'/2, in the deformational flow test example of Section
[b.1] with ¢32 at the coarsest level. Grids at all levels at this time are shown. Dotted black contour
lines are drawn at values of the positive tick marks in the legend, and in the two multilevel runs,

dashed white contour lines are drawn at the re%men‘c threshold.



For the three simulations of deformational flow with coarsest level ¢32, Figure [5| shows plots of the
error in h at the final time, where the maximum errors are the numbers shown in the first row of the
columns of Table 2l For these same three simulations, Figure [6] shows plots of h at the mid-point
in time.

0.9 T T T T 0.9 T T T T
c1024 in c256/c1024 c128 in c32/c128/c512
c512in c128/c512 €256 in c64/c256/c1024
0.8} €256 in c64/c256 - 0.8} c1024 in c64/c256/c1024 |-
c128in c32/c128 c512 in c32/c128/c512

0.2 B 0.2 B
o1t - 01t -
0 Il Il Il Il 0 Il Il Il Il
0 1 2 3 4 5 0 1 2 3 4 5
days days

Figure 7: Plot of domain coverage of finer levels over time in deformational flow test of Section [5.1
Left: coverage of the finer level in two-level runs, ¢32/c128, c¢64/c256, c128/c512, and ¢256/c1024.
Coverage increases with greater resolution because the refinement threshold is proportional to the
fourth power of the grid spacing at the coarser level. Right: coverage of the middle and finest level
in three-level runs, ¢32/c128/c512 and c64/c256/c1024. As indicated by the red and dark blue
curves, coverage of the finest level in each three-level run matches coverage of the finer level in the
two-level run with the same finest-level resolution, because the refinement threshold is the same. In
each three-level run, coverage of the middle level (black and green curves) is necessarily higher than
coverage of the finest level (dark blue and red curves), because proper-nesting conditions must be
maintained. The gap between each three-level run’s middle-level and finest-level coverage shrinks
as resolution increases, because proper-nesting conditions are expressed in terms of number of grid
cells, and grid cells become smaller with finer resolution.

Figure [7] shows the fraction of the domains covered by finer-level grids during the multilevel sim-
ulations. Owing to the pattern of deformational flow, domain coverage of refined levels is highest
near the mid-point in time, and in our runs, reaches its maximum of 68.2% for coverage of c128 in
the ¢32/c¢128/c512 run. Because the refinement thresholds are equal, the coverage of ¢512 is almost
the same in the ¢128/c¢512 and ¢32/¢128/c¢512 runs. For the same reason, the coverage of ¢1024 is
almost the same in the ¢256/c1024 and c¢64/c256/c1024 runs.
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5.2 Barotropically unstable jet without initial perturbation

The barotropic instability test case of [I5] consists of a zonal jet with compact support at a latitude
of 45°. As in [24] and [60], we first show the results of this test without the initial height perturbation
that initiates the instability, because we can check the order of accuracy of our method by comparing
with the exact steady-state solution.

We pick time step At = 0.25 day/N., and we find ¢pax = 10.1 rad/day, so the CFL number from
is 1.61. We run this example up to day 5 with the following resolutions:

e Uniform resolution, with N, a power of 2, from 16 through 1024.

e On two levels, the coarser level N, a power of 2 from 16 through 256, and the finer level
consisting of grids that are a factor of 4 finer and are located in regions where relative
vorticity exceeds 0.32/7 day~! = 0.102 day .

e On three levels, the coarsest level N, a power of 2 from 16 through 64, the middle level
consisting of grids that are a factor of 4 finer and are located in regions where relative
vorticity exceeds 0.32/7 day™! = 0.102 day—!; and the finest level consisting of grids that
are a factor of 4 finer than the middle-level grids and are located in regions where relative
vorticity exceeds 1.28/7 day ™' = 0.407 day !

Figure |8 shows the maximum error in height for this example. We find that on uniform grids (left
plot), the error is approximately fourth order in the spatial resolution for ¢128 and finer; at coarser
resolutions, the barotropic jet is not resolved, leading to a loss of convergence. For the two-level runs
(center plot), the curves of maximum error over time match those of the finer level with uniform
resolution, for ¢16/c64, ¢32/c128, and c¢64/c¢256; but with more grid resolution, the two-level error
is higher because the refinement threshold is too high to resolve it. For the three-level runs (right
plot), the maximum error for c16/c64/c256 is a little higher than that for c64/c256 after day 3,
and the maximum error for ¢32/c¢128/c512 is a little higher than that for ¢128/c512 after day 4,
but the maximum errors at earlier times are higher because of the refinement threshold.

5.3 Barotropic instability

In the barotropic instability test case of [I5], a small height perturbation is added atop the jet
which leads to the controlled formation of an instability in the flow. The relative vorticity of the
flow field at day 6 can then be visually compared against a high-resolution numerically computed
solution [I5, [49]. For comparison we use the simulation without additional explicit diffusion, since
the additional diffusion suggested in [15] leads to a significantly different flow field.

As in Section we pick time step At = 0.25 day/N.. We find cpax = 10.4 rad/day, so the
CFL number from is 1.66. We run this example up to day 6 with the same resolutions and
refinement criteria as in Section In the absence of an exact solution, we compare with the
uniform ¢1024 solution as a reference.

Figure @] shows the relative vorticity field at the final time for uniform ¢32, two-level ¢32/c128,
and three-level ¢32/c128/c512. As shown in this figure, features are not sufficiently resolved on
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Figure 8: Plots of maximum error in height for the example in Section of the steady-state (but
unstable) jet of [I5] without the initial perturbation, shown at intervals of every half day. Plots for
runs with the same finest-level resolution have the same color.

uniform ¢32, but the addition of a finer level refined by a factor of 4 improves the resolution in
the region of instability (c32/c128), and resolution is further improved with the addition of a third
level (¢32/c128/c512).

Figure [10] on the top half, shows the maximum difference in relative vorticity between uniform
¢1024 and each other run at half-day intervals. Above the refinement threshold of 0.102 day ™!,
curves of maximum difference with ¢1024 look approximately the same when the finest level has
the same resolution. Specifically, the result for two-level ¢16/c64 matches that for uniform c64;
¢32/c128 matches uniform c128; ¢64/c256 and c¢16/c64/c256 match uniform ¢256; and c128/c512
and ¢32/c128/c512 match uniform ¢512 above the refinement threshold of 0.102 day~!. The bottom
half of Figure shows the maximum difference in relative vorticity between each two-level and
three-level run and the corresponding run having uniform resolution of the finest level; this difference
stays below the refinement threshold until approximately day 5, when the instability is fully formed.

Total energy F is invariant under the shallow-water equations, and is defined by
1 1
E= hu-u+ §G(H2 —22). (83)

We calculate total energy by an area-weighted sum over the whole domain, accurate up to O((Aa)?) =
O((AB)?). In regions covered by grids with multiple levels of refinement, we take the sum over
the finest level. Figure shows the difference in total energy over time from its initial value,
normalized by the initial total energy, for several runs: uniform c32, c128, and c¢512; two-level
¢32/c128, and three-level ¢32/c128/c512. We observe that higher spatial resolution corresponds to
a substantial decrease in energy loss to numerical diffusion, with spatial convergence occurring at
roughly fourth-order accuracy up to about day 4. At the highest resolutions, the calculation of to-
tal integrated shallow-water energy is dominated by truncation errors, leading to highly oscillatory
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Uniform resolution, ¢32:
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Two levels, ¢32/c128: 54.2% c128 coverage, with refinement threshold of 0.102 day~ .
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Three levels, ¢32/c128/c512: 54.2% 128 coverage with refinement threshold of 0.102 day !, and
32.9% c512 coverage with refinement threshold of 0.407 day ™.
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Figure 9: Relative vorticity field (in units of day~!) at the final time (6 days) in the barotropic
instability test of Section for ¢32 at the coarsest level. Black contour lines are drawn at values
of the tick marks in the legend: dotted for positive, and dashed for negative. In the two-level and
three-level cases shown here, the second-level grids are the same, and cover an area that coincides
approximately with the northern hemisphere.
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Figure 10: Plots of maximum differences in relative vorticity (in units of day ') between different
runs of the barotropic instability test of Section [5.3] shown at intervals of every half day. Plots for
runs with the same finest-level resolution have the same color. Top: Difference between uniform
c1024 and (left to right) uniform, two-level, and three-level runs having resolution given in each
legend. Bottom: Difference between (left to right) two-level and three-level runs, and the run
with uniform resolution of the finest level in each case. On every plot, the refinement threshold of
0.102 day ' from the coarsest level is marked with a dashed black line.

25



absolute value of relative difference in total energy
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c32/c128
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I I
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Figure 11: Plot of absolute value over time of the relative difference in total energy from initial
value, for five different runs of the barotropic instability test of Section Note that the curves
for uniform ¢128 and for ¢32/c¢128 mostly overlap. The relative difference is negative at all steps
after the initial time in all of these simulations, with the exception of the ¢32/c128/c512 simulation,
in which the relative difference is positive at the time steps marked with circles on the graph; as
can be seen on the graph, all of these time steps occur before the end of day 1, and the relative
difference never exceeds 2 x 1078.
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behavior during the early part of the simulation. Results for the two-level ¢32/¢128 and especially
the three-level ¢32/c128/c512 are even more oscillatory, because refinement does not necessarily
preserve total energy. Nonetheless, all the simulations show a positive mean energy loss, which
suggests stability of the underlying numerical scheme. The three-level ¢32/¢128/c¢512 simulation is
the only one that shows total energy higher than its initial value at any stage of the simulation,
but the stages where this occurs are all during the first day.

5.4 Gaussian pulse

The following example is included to test high-order convergence across refinement boundaries that
are not characteristic. The initial velocity is zero, and the initial height field is a function of the
latitude and is specified by a smoothed Gaussian with parameters hyg = 5000 m as background,
hs = 500 m as maximum perturbation, and w = {5 as angular width. With latitude ¢, setting

then

ho + h —4n?) cosb(Zn) if 1;
h(n)={ o + s exp(—4n?) cosS(5m) if 1 < 1; (84

hg otherwise.

The smoothing factor cosG(%n) is present in order to ensure that h is C%. We calculate from times
0 to % day, at which time the Gaussian has spread to the equator.

t:%day

Figure 12: Total height field for Gaussian pulse test case of Section at (left) initial time t = 0
and (right) final time ¢ = £ day. The base level is ¢128. There are fixed grids refined by a factor of
4 (hence a subset of ¢512) around the north pole, and these are shown with darker outlines than
the coarse grids. Black contour lines (dotted) are drawn on each plot at values of the tick marks
in the corresponding legend. Note the different color maps, as initial h ranges from 5000 to 5500
meters, and final h ranges from 4964 to 5049 meters.

We pick time step At = 0.4 day/N., and we find cpax = 6.30 rad/day, so the CFL number from
is 1.60. We run tests with uniform refinement, N. a power of 2, ¢32 up to ¢4096, and then
with two levels, the coarser level having N, a power of 2, ¢32 up to ¢1024, and the finer level,
with a refinement ratio of 4, consisting of grid cells encompassed by a square centered on the north
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pole, with side length half that of the north polar panel. Figure [12| shows h at initial time 0 and
final time % in a two-level ¢128/c¢512 run. The two-level runs are chosen so as to see the effect of a
Gaussian initially contained within the finer level but then spreading past the coarse-fine boundary.
Figure |13 shows a contour plot of calculated values of h in the two-level ¢128/512 run, at longitude
45°, as a function of latitude and time.
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Var: height_meters
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5450. 80
5495,
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5375. 70
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5325, —
5300. — _ 60
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5100. =
5075. 30
5050.
5025,
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4950,
4925, 10
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4875. _

Max: 5500.
Min: 4873. 0.00 0.10 0.20 0.30 0.40 0.50

time (days)

Figure 13: Total height field for Gaussian pulse test case of Section [5.4] at longitude 45°, over all
latitudes from initial time ¢ = 0 to final time t = % day. The base level is ¢128, and there is a
finer level, a subset of c512, north of the refinement boundary indicated by the solid black line.
At longitude 45°, this refinement boundary occurs at a corner of the grids shown in Figure [I2]
Contour lines are shown in black for every 25 meters above 5000 meters, and in white for every 25
meters below 5000 meters.

We take the solution with uniform c¢4096 to be a reference to compare results with the other
resolutions. As seen in Table [3] the results approach fourth-order accuracy.

5.5 Zonal flow over an isolated mountain

Zonal flow over an isolated mountain is a key test of the performance of the model in the presence of
topography. However, the traditionally employed shallow-water test of [61] has the disadvantage of
being only C?, hence preventing meaningful convergence studies beyond first-order. Consequently,
this paper uses a modified version of this test where the bottom topography is given by a C® cosine
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Coarser Uniform resolution Two levels

resolution max error rate max error rate
c32 1.489 x 10t 1.286 x 10!
c64 6.499 x 10° ;'fg 5.914 x 10° ;'ég
c128 1.509 x 109 2'90 1.390 x 109 2'86
c256 2.019 x 101 3'62 1.912 x 1071 3'61
c512 1.641 x 1072 :;95 1.561 x 1072 z{95
c1024 1.059 x 1073 1.012x 1073

Table 3: Maximum difference between height in meters at final time with given resolutions and
with uniform ¢4096 reference solution, and rates of convergence, for the Gaussian pulse test case
of Section In the two-level runs, the refinement ratio between the coarser level and the finer
level is 4, so the resolution at the finer level is ¢128 through c4096.

hill,

a=201 cos(%)]z (85)

where R = 7/9, and 72 = min{ R?, (A= \¢)?+(¢—¢¢)?}. The height of the mountain is zg = 2000 m,
and its center is at (Ac, ¢c) = (37/2,7/6). The initial wind field is given by

uy =ugcosp, and ug=0 (86)

and surface height field by
H:m—%mmwmm%, (87)

with background height Ay and velocity amplitude ug chosen to be

ho = 5960 m, and wup=20m s ' (88)

We pick time step At = 0.4 day/N., and we find ¢pax = 7.20 rad/day, so the CFL number from
is 1.83. We calculate up to 15 days with uniform refinement, N, a power of 2, ¢32 up to c1024.

Figure shows the total height after 5, 10, and 15 days of the c128 solution. Although the
mountain shape does not exactly match [61], we still observe an analogous appearance of a mix of
large-scale Rossby waves and smaller-scale inertia-gravity waves.

We measure the error of the solution at a given time as the difference in total height between that
solution and a ¢1024 reference solution. For runs with uniform resolutions from ¢32 to c512, Figure
shows the maximum magnitude of the error over the sphere after each day of the simulation.
Note that up to day 6, the solution approaches fourth-order convergence. Figure [15shows a jump
in the maximum error in the ¢512 solution between day 6 and day 7, and a decrease in convergence
rate to third order. In this case, the error in the c512 solution at day 7 is concentrated near one
of the panel boundaries, in a region where the flow is tangent to the panel boundary. Where panel
boundaries are characteristic, we expect a drop of one order of accuracy, as is happening here in
this case.

The longer-term solution approaches second-order convergence. This rate is expected because, as
shown in [35] 47], once wave-breaking occurs the kinetic energy spectra of large-scale atmospheric
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Total height field: day 5
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Figure 14: Total height field for C® mountain test case of Section with c128 refinement. The
base of the mountain is indicated with a dashed circle. Black contour lines (dotted) are drawn at
intervals of 50 meters, at values of the tick marks in the legend.
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Figure 15: Top: Plot of maximum differences over time between total height in meters in runs with
given resolutions and c1024 reference solution, for C® mountain test case of Section Bottom:
Plot of convergence rate over time, expressed as the base-2 logarithm of the ratio of the differences

shown in the top plot for successive resolutions refined by a factor of 2.
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flows will approach a decay rate of k=3, corresponding to, at most, continuity of first derivatives of
prognostic quantities.

Figure [16| shows the L' norm of the error after each day of the simulation, where we define the L'
norm of a function as the integral of its absolute value over the sphere:

11 = / FldA. (89)

We see from Figure that the L' norm of the error converges to fourth order with increasing
refinement.

6 Conclusions and future work

In this paper, we have presented a fourth-order accurate finite volume method on the cubed-sphere.
Despite formally third-order truncation error accuracy at panel boundaries, the approach achieved
fourth-order accuracy overall in smooth advection and the shallow-water equation test cases, with
no evidence of panel boundary artifacts. In addition, our results with adaptive mesh refinement
show that by using refined grids, it is possible to obtain overall solution error comparable to that
on a uniform grid having the resolution of the finest level in the AMR hierarchy.

The next step is to extend this approach to the Euler equations on 3D thin spherical shells, and
complete a battery of dry astmospheric dynamical core tests. To that end, future work will include
orography, which in 3D can be treated with several approaches such as cut-cell methods [59] [3],
immersed boundary methods [30] or terrain-following coordinates [I4] [46]. In the near future we
anticipate incorporate climate cloud and radiation physics (such as that used in CESM [23]) with
the goal of applying AMR to very high-resolution climate simulations.

Appendix A Discrete undivided differences

This Appendix gives the discrete undivided difference formulae that are used in Section[3| and their
relationships to derivatives. The undivided differences are all denoted D with a subscript of « or
[ to indicate the direction in which the difference is taken, and superscripts to indicate the order
of the difference and whether the results are centered on the grid cells themselves (superscript c)
or on their faces (superscript f).

A.1 First differences on grid cells: D%Z{%L’R}

First differences D1 and Décc on a grid cell take the 3-point centered finite-difference stencils:

(DiCa)yy = AL (peCy), ; = B L, (90)
One-sided differences DéC{L’R}:

plely), . 9 +A48i41; — Givay i—2,j — 4ai—1,; + 3ai
( a a)iJ - 2 ’ '

(Dea)iy = 5

(91)
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Figure 16: Top: Plot of L' norm of differences over time between total height in meters in runs with
given resolutions and ¢1024 reference solution, for C® mountain test case of Section Bottom:
Plot of convergence rate over time, expressed as the base-2 logarithm of the ratio of the differences
shown in the top plot for successive resolutions refined by a factor of 2.
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One-sided differences D LefL, R}

—3a;; +4ai 41 — Giji2 (DYRa);, = aij—2 — 4aij—1 + 3a;; (92)
) 7] - .

DICL —
( B a) i,j — 2 92

These differences are related to partial derivatives as

da
1c{C,LR} , _ 3y. 1e{CLR}
D, a= Aaa +O((A@)”); Dy = AB@B +O0((AB)?). (93)

A.2 Second differences on grid cells: Df;ﬂ}

Second differences D¢ and D%C take the 3-point centered finite-difference stencils:

(DX¥a)ij = aip1y — 205 + a1, (DEFa)ij = aige1 — 2ai +ai-1. (94)
These differences are related to partial derivatives as

2, Pa
O 92

20%a

2c,, __
Doza_(A ) 662

+0((A)");  Dfa= (AB) +O0((AB)"). (95)

A.3 First transverse differences on faces of grid cells: D{ A

The first transverse differences, Déf on faces of constant «, and Déf on faces of constant (3, take
the 3-point centered finite-difference stencils:

Citlg+1 ~ Qi1

1f .
(Ds a’)i-‘r%,j = 9 ; (96)
i1+t 7 Bio1541
(Dga)i,gur% = : 9 -, (97)
These differences are related to partial derivatives as
da
Difa= AB— +0((AB)?); DMa=Aa— +0((Aa)?). (98)

95 o da

A.4 Second transverse differences on faces of grid cells: ngﬁ}

The second transverse differences, D%f on faces of constant «, and Dgf on faces of constant (3, take
the 3-point centered finite-difference stencils:

(D%fa)i-i-%,j =yl 72000 5 AL s (99)
(Difa)i,ﬁ% =@y 1 20,1t Gy gt (100)
These differences are related to partial derivatives as
0%a 0%a
D¥a = (AB) = E o((AB)Y); DX a=(Aa)*— 5oz T O((Aa)Y). (101)
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A.5 Fifth differences on faces of grid cells: D5f (0,6}

For the artificial dissipation in Step [9]in Section we need fifth undivided differences on faces,
from data on grid cells:

(sza)i+;,j = 10(ai+1,5 — aij) — 5(ait2,; — ai-1,5) + @its,j — @iz, (102)
(Dgfa>i,j+% = 10(aij+1 — aij) — 5(@ij+2 — aij—1) + @i j+3 — aij-o. (103)

These differences are related to partial derivatives as

585
Oad

585

f
D3'a = (Aa) 955

+0((Aa)");  Dja=(AB) +O0((AB)T). (104)

Appendix B High-order averages over grid cells and faces

We use angle brackets (-); ; to denote the average of a quantity over a computational grid cell V; ;.
An average over the face of V;; where a = o; + %Aoz and € [5; — %Aﬁ,ﬁj + %AB] is denoted
by <'>i:|:%,j’ and an average over the face where g = ; £ %AB and o € [o; — %Aa,ai + %Aa] is
denoted by <>”i%

B.1 Exact (J) on grid cells

For J defined in , the average (J) on a grid cell V;; can be computed exactly:

B]"F ApB az+ AO(
dad
ig = AaAB/. /._M 7 dadp

XY,
Z Z DPtan ! | —22L—— (105)
AQABP 04¢=0 \/14')(13"1'1/;12
where Xy = tan(q; — 3Aq), X1 = tan(q; + 3Aa), Yy = tan(8; — 2AB), Y1 = tan(B; + 3A8).
B.2 Exact (J) on faces of grid cells

We can also compute exactly the average of J over faces of grid cells.

e On faces of constant o = «; + %Aa, with 3 extending from 3; — %AB to B + %Aﬂ:

Bi+5A8 2y %Y
<J>i+1j=/ Jdf= e - (106)
Y VIHX2HYE 1+ X2+

where X = tan(a), Yy = tan(5; — %Aﬁ), Y1 = tan(B; + %AB).
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e On faces of constant 3 = 3; + %AB, with « extending from «; — %Aa to a; + %Aa:

a;+1Aa 2X 2X
()ijrs = / L Jda= o (107)
T2 Ja—iaa VIHX2P+Y2 1+ X2 +Y2

where Xo = tan(a; — $Aa), X1 = tan(o; + 3Aa), Y = tan(B).

B.3 High-order conversion between averaged and centered values

e If we have a at centers of grid cells, then by expanding Taylor series, we can obtain averages
of a over grid cells,

o (Aa)? [ 0%a (AB)? [ 0%a
(a)ij; = ai; + o1 (W)i,j—i_ 22 (852>w+O((Aa)4,(Aa)2(A5)27(A5)4)_ (108)

Using the discrete differences notation of Appendix this can be written as

S1(Da)is + 50 (DFa)is + O((Ba)’, (8a)(AB)%, (AB)"); (109)
iy ={a)i — 53 (D¥{a))eg — 53 (DF{a))i + O(Aa)’, (RaP(AF) (AB)).  (110)

(a)ij =a;; +

e With a at centers of faces of grid cells, we can also expand the Taylor series to obtain an
approximation to averages over faces:

_ (AB)? (0% 4y.
<a>i+%7j _ai+%vj+ 24 <852>i+é,j +O((AB) )7 (111)
(Aa)? [ 0%a
N (w)i,ﬂ; + 0@’ .

Hence, taking the discrete differences of Appendix

_ L /o 4.
(@i =0y + 57 (PFe) ,,  +0UBH)Y; (113)
1
Gyt =(a)1 5~ 2 (D%f(@)“é’j +0((AB)Y); (114)
_ Lo 4.
(@higry =iy + 55 (D), ,, +O((8a)") (115)
1
@ 41 =(a); 41— oy (Dg‘f<a>>i,j+é +Ol(a") o

B.4 High-order product formulae

e As shown in [I0], the average of a product of a and b over a grid cell is

(Ba)? da b | (AB)? da O

(@) = (@5 + <S5 o 2 g e g OB (MaA8)2 (A8, (117)
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Hence on V; j, using with the undivided differences D1C and Dé“c from Appendix
1 C C 1 C C

(abjij =(a)i;j(bij + 5 (Da’ a)ij(Dab)ij + 15 (D5 Ca)ij (D5 b)i, (118)

+0((Aa)!, (Aa)*(AB)%, (AB)Y);
and the average of one of the factors can be obtained from the average of the product by

1 (ab) 1 (ab)

b i — — chCi DlCC R chCi chC .

s =5 (P20 P -5 (B5OT) 3w,

()i
+O((Aa)*, (Aa)*(AB)%, (AB)Y).

(119)

In (119), we can substitute the one-sided Dt or DIR for the centered DIC if V;_;; or
Vit1,5, respectively, is not a grid cell of the panel containing V; ;. Similarly, we can substitute
DéCL or D/lgCR for Dé"c if V; j—1 or V; j41, respectively, is not a grid cell of the panel containing
Vij-

Also from [10] and using , the average of a product of a and b over the face of a grid cell
with constant « is

1
<ab>i+%,j = <a>i+%,j<b>i+%,j + E(Défa)i-s-%,j(Défb)H%,j +0((AB)Y). (120)
and over the face of a grid cell with constant ( is

1+ O0((Aa)b). (121)

2

1
<ab>i,j+% = <a>i,j+%<b>i,j+% + E(Dga)i,j-i-%(ng)i,j—&-
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